Gallium nitride (GaN) is a key semiconductor for solid-state lighting, but its radiative processes are not fully understood. Here we show a first-principles approach to accurately compute the radiative lifetimes in bulk uniaxial crystals, focusing on wurtzite GaN. Our computed radiative lifetimes are in very good agreement with experiment up to 100 K. We show that taking into account excitons (through the Bethe-Salpeter equation) and spin-orbit coupling to include the exciton fine structure is essential for computing accurate radiative lifetimes. A model for exciton dissociation into free carriers allows us to compute the radiative lifetimes up to room temperature. Our work enables precise radiative lifetime calculations in III-nitrides and other anisotropic solid-state emitters.
Semiconductor light-emitting diodes (LEDs) are the preferred light source for many applications. In LEDs, electroluminescence converts electron and hole carriers into emitted photons. This radiative recombination process depends on material properties such as the band structure, dielectric screening, and optical excitations. In a simplified picture, free electrons and holes in band states recombine to emit light. Yet, in many solid-state emitters electron-hole interactions are strong enough to form excitons (bound electron-hole states) 1 , and the main process leading to light emission is exciton radiative recombination. Gallium nitride (GaN) is widely employed for efficient light emission 2 , and it has been investigated extensively in crystalline, thin film, and heterostructure forms, both to understand its physical properties and to improve LED devices. Even though the exciton binding energy is rather weak in GaN (of order 20 meV
3 ), accurately computing its absorption spectrum requires taking into account excitonic effects 4 , so one expects that excitons also play a role in light emission.
The radiative properties of GaN have remained the subject of debate 3, [5] [6] [7] [8] [9] . Investigations of radiative processes require photoluminescence (PL) spectroscopies or device experiments on pure samples. Since GaN films are typically grown epitaxially, and their doping is nontrivial, these measurements are affected by sample purity and competing non-radiative processes due to defects and interfaces 10 . In addition, typical theoretical treatments of radiative lifetimes employ simplified empirical methods that can only qualitatively interpret, or just fit, experimental data 11 . Accurate first-principles calculations of the intrinsic radiative properties of a GaN crystal would be highly desirable as they would serve as a benchmark for interpreting PL measurements and for guiding microscopic understanding and device design. Isolated examples of ab initio radiative lifetime calculations in bulk materials exist 12, 13 , but they neglect key factors such as a) Please E-mail correspondence to: bmarco@caltech.edu excitonic effects, the material anisotropy, and temperature dependence dictated by dimensionality.
We have recently shown a general first-principles approach that includes these physical features and can be applied broadly to systems ranging from isolated emitters to bulk crystals 14 . Its application to carbon nanotubes 15 , two-dimensional materials [16] [17] [18] , and recently gas phase molecules has shown results in very good agreement with experiments. The method is based on the solutions of the ab initio Bethe-Salpeter equation (BSE) 19, 20 , which can correctly treat excitons but is computationally expensive, plus Fermi's golden rule to obtain the radiative lifetimes and their temperature dependence. For comparison, the widely used independent-particle picture (IPP) of light emission, which does not take excitons into account, is straightforward to compute, but as we show below it makes large errors on the radiative lifetimes. For bulk crystals, we are not aware of ab initio radiative lifetime calculations that properly include excitons other than our recent work, which focused on isotropic crystals 14 . However, GaN is isotropic only in the hexagonal basal plane, while the properties along the c-axis are different. Its anisotropic optical properties cannot be taken into account in current ab initio radiative lifetime calculations.
Here, we extend our first-principles approach 14 to the case of a uniaxial bulk crystal, and use it to compute intrinsic radiative lifetimes in wurtzite GaN. The results agree well with experiment (within a factor of two) up to 100 K, and we include thermal exciton dissociation to retain quantitative accuracy up to room temperature. In spite of the weak exciton binding energy in GaN, we show that including excitons is essential for quantitative accuracy as it improves substantially the agreement with experiment compared to IPP calculations. We also show that including spin-orbit coupling (SOC) and the related exciton fine structure is important in spite of the weak SOC in GaN. Our work advances the study of light emission in III-nitrides and anisotropic light emitters.
Our discussion in Ref. 14 tensor of a uniaxial bulk crystal,
is isotropic in the basal hexagonal plane, and different along the principal crystal axis (the z direction). For a given photon wavevector q, there are two nondegenerate propagating modes as solutions to Maxwell's equations, each corresponding to one of the two photon polarizations 21 . We call the first solution the "in-plane" (IP) mode since its polarization vector sits in the xyplane, and the second solution the "out-of-plane" (OOP) mode, which sees the anisotropy of the material and as shown below has a more complicated expression than in the isotropic case 14 . The polarization vectors e and frequencies ω of the two modes are obtained by solving the equation of motion of the vector potential in the dielectric material 14 . For the uniaxial case, we get:
where c is the speed of light and q
y . The radiative recombination rate at zero temperature for an exciton in state S with center-of-mass momentum Q can be written using Fermi's golden rule as
where V is the volume of the system and 0 the vacuum permittivity, and the sum over λ adds together the contributions from the IP and OOP modes. Since the values of Q relevant for light emission are small, we approximate the transition dipoles 22 as p S (Q) ≈ p S (0), and obtain them, together with the exciton energies E S (0), by solving the BSE at Q = 0. We substitute into Eq. (4) the two solutions in Eqs. (2) and (3), use momentum conservation, which fixes the emitted photon wave vector to q = Q, and obtain the radiative recombination rate at zero temperature for each exciton state S in a uniaxial bulk material (we put Q 
Assuming that the exciton momentum Q has a thermal distribution, the radiative rate of an exciton S at temperature T is written as the thermal average
where k B is the Boltzmann constant. We employ an effective mass approximation for the exciton dispersion, with IP and OOP effective masses M xy and M z , respectively, obtained as the sum of the electron and hole effective masses 23 . The exciton radiative rate at temperature T is then obtained from the integral in Eq. (6):
where the exciton energies and transition dipoles are obtained by solving the BSE. The radiative lifetime is defined as the inverse radiative rate, τ S = γ S −1 . Note also that Eq. (7) reduces to the bulk isotropic case in Ref. 14 if one puts z = xy and M xy = M z .
Finally, we take into account the fact that multiple exciton states can be occupied (including dark states with small transition dipoles, as is the case in GaN), and compute the radiative rate assuming a thermal equilibrium distribution:
We use this thermal average, computed with the exciton radiative rates γ S in Eq. (7), to obtain the intrinsic radiative lifetime γ(T ) −1 in bulk wurtzite GaN. We carry out first-principles calculations on a wurtzite GaN unit cell with relaxed lattice parameters. The ground state properties and electronic wave functions are computed using density functional theory (DFT) within the generalized gradient approximation 24, 25 with the Quantum ESPRESSO code 26 . Fully-relativistic normconserving pseudopotentials 27 generated with Pseudo Dojo 28 are employed, in which the shells treated as valence are the 3s, 3p, 3d, 4s, and 4p for Ga and the 2s and 2p for N. A non-linear core correction 29 is included for all remaining core shells for both atoms. We compute the quasiparticle band structure in GaN 30 with a "one-shot" GW calculation 31 with the Yambo code 32,33 , using a plasmon-pole model for the dielectric function, a 25 Ry cutoff for the dielectric matrix, 300 empty bands, and a 14 × 14 × 10 k-point grid 34 . The BSE is solved on a 24×24×18 k-point grid using a 6 Ry cutoff for the static dielectric screening and the 6 highest valence bands and 4 lowest conduction bands. These settings are sufficient to converge the energies, transition dipoles and radiative lifetimes of the low-energy excitons, as we have verified. The IPP transition dipoles and energies are computed by neglecting the electron-hole interactions in the BSE. The exciton binding energy is converged by computing it with several k-point grids from 12 × 12 × 9 to 24 × 24 × 18 and extrapolating it to a vanishingly small k-point distance (i.e., to an infinitely dense grid) 35 . Our computed radiative lifetimes between 50−150 K are shown in Fig. 1a ) along with experimental values from Ref. 7, which are ideal for our comparison since they were measured in a relatively pure GaN crystal. At low temperatures up to 100 K, our first-principles radiative lifetimes, with SOC included, are of order 200−900 ps and are in very good agreement (within less than a factor of two) with experiment. We attribute the remaining discrepancy to small uncertainties in the computed exciton effective mass, transition dipoles, energies and occupations, plus inherent uncertainties in the experimental data. Both the computed and experimental lifetimes exhibit the intrinsic T 3/2 trend predicted by our approach [see Eq. (7)]. As Fig. 1a) shows, when neglecting excitons and using IPP transition dipoles and energies, one greatly overestimates the radiative lifetime. The IPP lifetimes are greater by nearly an order of magnitude compared to our treatment, which correctly includes excitons, and by over a factor of three compared to experiment.
As seen in Fig. 1a) , including SOC when computing the exciton states increases the radiative lifetimes by a factor of 2−3 and significantly improves the agreement with experiment. Though SOC is weak in GaN − the valence band splitting at Γ is only 5 meV in our calculations − its inclusion is crucial for obtaining accurate exciton states. Figure 1b) shows the individual radiative lifetimes γ S −1 and relative energies of the low-energy excitons contributing to the thermal average in Eq. (8), for both the cases where SOC is included and neglected. Without including spin and SOC, the exciton structure consists of three bright singlet excitons, two of which are degenerate. The lifetimes of all three excitons are nearly identical, and their value determines the radiative lifetime for the calculation without SOC. Including the SOC lifts the degeneracy of the two lowest bright excitons by ∼5 meV, and resolves the exciton fine structure, splitting each exciton into four states due to a doubling of the number of valence and conduction states that compose the electron-hole transitions. With SOC, we find dark excitons with lifetimes roughly 3−10 orders of magnitude longer than the excitons found without SOC. When included in the thermal average, these dark states are crucial as they increase the radiative lifetime compared to the average lifetime of the bright excitons alone. The inclusion of SOC and the exciton fine structure are thus important for quantitative accuracy, even though SOC per se is weak in GaN 36 . Due to the small exciton binding energy in GaN, at high enough temperatures the excitons dissociate into free electrons and holes, which mainly recombine nonradiatively in GaN, giving rise to the lower radiative recombination rate and quantum yield seen experimentally above 100 K 7, 37 . As a result of exciton dissociation, the measured radiative lifetime above ∼100 K increases more rapidly with temperature than the intrinsic T 3/2 trend [see Fig. 1a) ]. We show a simple model to include exciton dissociation in our first-principles approach. Assuming that excitons and free carriers are in thermal equilibrium, we write the mass-action law for their concentrations as
where n e , n h , and n exc are the electron, hole, and exciton densities, respectively, n 0 is the background electron density (from the doping), and δn, δp, and δn exc are the excited electron, hole, and exciton densities, respectively, generated by an idealized optical pump or electrical current. The equilibrium constant κ(T ) is given by
where m red = m h m e /(m h +m e ) is the reduced mass of the exciton and E b its binding energy. We find a converged binding energy of 19.7 meV, in excellent agreement with the experimental value of 20.4 meV 3 , and we use a typical doping of n 0 = 2.5 × 10 16 cm −3 , taken from Ref. 7 . Assuming that the relative recombination probability of free carriers and excitons is proportional to their concentration ratio, P carr /P exc = δn/δn exc , and using P carr + P exc = 1, we can obtain the probabilities for exciton and free carrier recombination. The measured radiative rate will be a weighted average of the rates of the two recombination processes, Γ rad = Γ carr P carr + Γ exc P exc . We assume that Γ carr vanishes because free carriers recombine mainly via non-radiative channels, such as defect trapping, which is justified by the reported low quantum yield seen experimentally near room temperature 7 . The measured radiative rate due to excitons in equilibrium with carriers becomes Γ rad ≈ Γ exc /(1 + κ(T )/n 0 ). Using this result, together with our computed effective masses and converged exciton binding energy, we are able to predict the exciton radiative lifetimes also above 100 K. Figure 2 compares the computed radiative lifetimes up to 300 K with experimental results taken from PL measurements in Refs. 7, 8 . When thermal dissociation is included, the radiative lifetime agrees with experiment even in the 100−300 K temperature range, where the experimental data deviate from the intrinsic T 3/2 trend. Our ability to compute intrinsic exciton radiative lifetimes allows us to conclude that the radiative lifetime increase seen experimentally above 100 K is due to exciton thermal dissociation into free carriers. This conclusion is consistent with the results by Im et al. 7 , who found that a similar exciton dissociation model could fit their experimental data at high temperature.
In summary, we developed accurate first-principles radiative lifetime calculations in GaN. Our method includes the electron-hole and spin-orbit interactions, thus correctly treating excitons and their fine structure. These advances allow us to compute intrinsic radiative lifetimes in very good agreement with experiment, and gain microscopic insight into the excitons associated with light emission in GaN. Future work will extend this analysis to GaN heterostructures and quantum wells. Our results add to the general framework we presented in Ref. 14, enabling precise predictions of radiative processes in solidstate light emitting materials, while shedding light on their ultrafast excited state dynamics. 
